ABSTRACT New X-ray and energetically optimal models of poly(dA):poly(dT) witĥ the hydration spine in the minor groove have been compared with the NMR data in solution (Behling, R.W. and Kearns, D.R. (1986) Biochemistry ^5, 3335-3346). These models have been refined to achieve a better fit with the * NMR data. The obtained results suggest that the poly(dA):poly(dT) structurê v in a condensed state is similar to that in solution. The proposed conformations of poly(dA):poly(dT), unlike the classic B form, satisfy virtually «. v all geometrical requirements which follow from the NMR data. Thus, the X-ray and energetically optimal poly(dA):poly(dT) structures (or those with slight modifications) can be considered as credible models of the poly(dA):poly(dT) double helix in solution. One of the features distinguishing these models from the classic B form is a narrowed minor groove.
INTRODUCTION "*•
The poly(dA) :poly(dT) structure has been extensively discussed lately.
>-A One of the reasons of such an increased interest is the observation that some natural DMAs display bending which has been attributed to structural A features of dA :dT runs (ref. (1) and references cited therein). It has n n '^ been also noted that there are anomalies in the interaction of some proteins, _-antibiotics, etc. with poly(dA):poly(dT) and dA :dT runs of natural DNAs. n n Until recently the poly(dA):poly(dT) structure in fibers has been described by the so-called heteronomous DNA model, in which the poly(dA) chain its A/T run in the minor groove (6) (7) (8) . Water molecules of the first hydration shell are hydrogen-bonded with 113 atoms of adenlnes and 02 atoms of thymines of adjacent base-pairs, thus bridging bases of the opposite chains of the A double helix. Each molecule of the second shell is hydrogen-bonded with two molecules of the first hydration shell.
Energy calculations (9, 10) suggest that the distinctive features of the poly(dA):poly(dT) structure in fibers are largely due to the existence of *-the spine of hydration. The interaction of water molecules with the opposite sugar-phosphate backbones is responsible for the narrowing of the minor groove observed in fibers, while in the absence of the spine of hydration the energetically 'optimal' structures have a wider minor groove. It was **
shown that the helical repeat value of ~10.0, which is characteristic of poly(dA):poly(dT) in solution (11-13), is due to the spine of hydration (10), whereas without the spine the helical repeat increases to ~10.6, a value characteristic of other sequences (11) (12) (13) (14) . Energy calculations for A poly(dA):poly(dT) have been perfomed by many authors (see, for example, ref. (15) ). However, nobody ever took into account the strong influence of the regular water spine in the minor groove which can be assumed in poly(dA):
poly(dT) on the basis of the dodecamer structure and other experimental data « obtained in a condensed state and in solution (see DISCUSSION).
As for the poly(dA):poly(dT) structure in solution, NMR studies (16, 17 (18) or B (ref. (2) and S. Arnott, unpublished) models, though B' and B are less unacceptable.
•, From these three structures, the B form provided the closest fit with the NMR data (17) .
Here we present a comparison between the poly(dA):poly(dT) structure in fibers and a low-energy structure with the spine of hydration in the minor groove, with the NMR data (17) . We have also refined both the experimental and the calculated structures to fit them to the NMR data in solution. In the refined structures some interproton distances were modified by about 0.02 nm. The results suggest that these (experimental and calculated) or slightly refined structures fit the NMR data (17) clearly better than the model of the B-DNA. Therefore our models seem to be the most adequate representations of the poly(dA):poly(dT) structure in solution.
METHODS
We used the X-ray fiber diffraction data of poly(dA):poly(dT) calcium salt (3, 4) . They show that Ca-poly(dA) :poly(dT) is a 10-fold double helix with a pitch of 3.232 nm, the conformation of poly(dA) and poly(dT) chains being identical. We optimized the X-ray diffraction model with the same constraints as in refs. (3, 4) . The structure parameters used and the opti- The energy calculations were performed using semi-empirical atom-atom potential functions (see the corresponding parameters in refs. (19, 20) ). In the present work we calculated the complex of poly(dA):poly(dT) with the hydration spine in the minor groove. The conformations of poly(dA) and poly(dT) chains were optimized independently, though in all cases they proved similar. The calculation procedure has recently been described in detail (10). The winding angle of the polynucleotide was taken to be 36 , which corresponds to a helical repeat of 10.0, as observed for poly(dA):
poly(dT) in fibers and in solution.
We refined the structure parameters according to the NMR data (17) .,"
At the same time the calculated AH0-AH1' distance is 0.04 nm larger than the largest one following from the HNR experiment, the width of the allowed region being 0.02 nm (17) . For the THl'-TH5m interacting protons the * " calculated distance also exceeds the maximal experimental one. When the me-
thyl proton is placed so as to provide the closest fit with the NMR data, the deviation of the THl'-TH5m distance from the nearest experimental value is ~0.O4 nm, the allowed region being ~0.06 nm. The AH2-AH2 distance differs ** most considerably (by~0.11 nm) from the NMR data (17). These discrepancies < _ could result from the inaccuracy of the model derived from the X-ray data.
The traditional Hamilton's test (21) can be used to determine whether the constraints imposed by the NMR data on the optimized model result in a sta-»* tistically significant disagreement with the diffraction data. Optimization "., has shown that the AH8-AH1 1 and THl'-TK5n distances can approach those obtained from the NMR data without a statistically significant increase of the R-factor (R = I |F . -F , I/EF , ; F . and F , are the observed "* obs calc obs obs calc and the calculated X-ray structure amplitudes, respectively) equal to 0.31
for the starting model. At the same time we were unable to construct a model with the AH2-AH2 distance close to 0.32 nm (the NMR value) and a required small angle between the AH2-AH2 vector and the helix axis. These conditions J '
would be satisfied if AH2 atoms were close to the helix axis. However, even «_ at AH2-AH2 distances equal to~O.34 nm the R-factor increases up to~0.47 and the sterical properties of the structure become much worse (in particular, "* the molecules in the unit cell overlap). According to statistical Hamilton's "* test (21) such models are inferior at the 99.5% level of significance to the ^> model without constraint for the position of AH2 atoms. The same applies to the AH2 atoms in the Na-poly(dA):poly(dT) structure (4).
As a result, we concluded that the poly(dA) :poly(dT) model derived from t he X-ray diffraction data fits the NMR data, except for the increased v Table 1 . H-H interproton distances (nm) and a angles (degrees) formed by H-H vectors with the helix axis for the three poly (<5A): poly (dT) models. The differences ( AL) between the calculated and the experimentally allowed H-H distances were estimated from the plots of ref. (17) at calculated values of a angles. (17) . Atomic coordinates of the classic B form (structure No. 3) were derived by S. Arnott and co-workers (unpublished) from the X-ray data for Li-B-DNA (for structural parameters see ref. (2)). The table lists only the shortest interproton distances. AL=0.00 if the calculated values are within the experimentally allowed regions (17) .
AL deviations by something like the half-width of the allowed regions (0.01-0.03 nm), which corresponds to the experimental errors (17) , are considered as acceptable. For structures 1 and 2 AH2-TH1'<AH2-AH1'<0.45 nm which fits the NHR data (17), while for B-DNA this condition is not satisfied. Moreover, the AH8-AH2" and TH6-TH2 1 distances in structures 1 and 2 provide a better fit with the NMR data than B-DNA. The position of the methyl proton in B-DNA (S. Arnott, unpublished) is not optimal in terms of the NMR data (17) and corresponds to AL=0.07 nm for THl'-TH5m. The AH2-AH2 distance/angle dependence was obtained by Behling and Kearns (17,24) from relaxation measurements, while the dependences for all the other proton pairs were determined from NOE. The first approach is very sensitive to the geometric model of the structure, and the calculated AH2-AH2 distances in our structures (Nos. 1 and 2) largely deviate from those obtained from the NMR experiment. One of the possible explanations of this disagreement is that HI' protons are situated close to AH2 ones in these structures. The AH2-AH2 and AH2-H1' interactions are of the same order in this case, while the NMR data were interpreted (17, 24) to mean that the first ones are dominant. distance between AH2 protons. Table 1 lists interproton distances and the angles a formed by H-H vectors with the helix axis for such a slightly refined poly(dA):poly(dT) structure in fibers. It is seen that in this structure, unlike the B form, AH2-THl'<AH2-AHl'<0.45 nm, which is consistent with the NMR requirements (17) . Moreover, for AH8-AH2" and TH6-TH2' in the B form the AL deviations from the experimental values (17) are larger than in our X-ray diffraction model. As it is seen from Table 1 , for all other dependences the B form fits the NMR data just as well as structure No.l (for THl'-TH5m see the Note to Table 1 ).
This comparison permits us to conclude that our slightly modified X-ray model agrees with the NMR data (17) clearly better than the classic B form.
Comparison of the Energetically Optimal Structure with the KHK Data
A whole family of low-energy poly(dA):poly(dT) conformations with a bilayer spine of hydration in the minor groove has been obtained recently (10). We consider structures with the energies higher than the optimal one by no more than ~0. Our analysis has shown that the structures of this family fit better the NMR data (17) than the B form. As an example we have taken a structure from this family with an intermediate propeller twist of 12°, which is slightly preferable by energy and fits somewhat better the NMR data (17) . A noticeable deviation from the experimental values is observed only for the distances THl'-TH5m ( AL-=0.03 nm) and AH2-AH2 ( AIP=0.13 nm). Optimization can decrease the deviation of the THl'-TH5m distance to a quite acceptable value of 0.01 nm at the expense of the energy increase less than 0.5 kcal/ mol. In this structure the methyl group was oriented so as to favour the formation of a structure-stabilizing hydrophobic contact with the sugar ring CH2 group of the adjacent 5'-nucleotide (see ref. (22)). At the same time, the energy considerably increased when AH2 protons approached the helix axis. Even in the absence of restraints imposed by the existence of the spine of hydration in the minor groove, the decrease of the distance between AH2 protons tõ 0.35 nm resulted in a ~<6 kcal/mol increase of the polynucleotide energy Table 1 lists the interproton distances and deviations from the experi-* x mental curves (17) for this structure. Coordinates of atoms are given in *^ Table 2 , and Figure 1A presents the projection of the molecule normal to the _" helix axis. It is seen from Table 1 It can be noted that the AH8-AH1' and THl'-TH5m distances in the structure with the propeller twist of ~12° fit the NMR data (17) better than the same 'f distance in the X-ray model. In both models the same tilt was postulated for adenines and thymines while the X-ray data for Na-poly(dA):poly(dT)
suggest the possibility of different tilts for adenine and thymine (4) . (Table 1 ).
Behling and Kearns noted (17) that AH2-H1' interactions are sensitive •* to the minor groove width. According to their data the AH2-TH1' distance is less than 0.45 nm and is smaller than AH2-AH1 1 . The energetically optimal models of poly(dA):poly(dT) with the spine of hydration and the X-ray model satisfy these conditions due to a narrow minor groove, while the B form does A not ( Fig. 1 and Table 1 The only requirement following from the NMR experiments (17) which is not fulfilled by our models is for the AH2-AH2 distance to be close to 0.32 nra. This requirement would be fulfilled if AH2 protons were close to the * ' helix axis, and this would lead to a sharp energy increase and to a much ^..
worse R-value for the X-ray model. The poly(dA):poly(dT) structure with such a position of AH2 protons is far from the optimum even without restraints imposed by the existence of the spine of hydration (see RESULTS). It should i be also noted that in all X-ray models of poly(dA):poly(dT) the AH2-AH2 r
